In this paper, we propose a compressive sensing (CS)-based channel estimation technique for asymmetrically clipped optical-orthogonal frequency division multiplexing (ACO-OFDM) visible light communications (VLC) in 5G systems. We proposed a modified version of sparsity adaptive matching pursuit (SAMP) algorithm which is named as self-aware step size sparsity adaptive matching pursuit (SS-SAMP) algorithm. It utilizes the built-in features of SAMP and with additional ability to select step size according to the present situation, hence term self-aware, can provide better accuracy and low computational cost. It also does not require any prior knowledge of the sparsity of the signal which makes it self-sufficient. CS-based algorithms such as orthogonal matching pursuit (OMP), SAMP, and our proposed SS-SAMP were implemented on ACO-OFDM VLC. The paper is supported by simulation results which demonstrate performance of proposed scheme in terms of bit error rate (BER), mean square error (MSE), computational complexity, and key VLC parameter (LED nonlinearity, shot noise, thermal noise, channel response, and peak-to-average power ratio (PAPR). It is shown that the SS-SAMP is a good candidate for ACO-OFDM-based VLC that are mobile and have limited processing power, based on its performance and computational complexity.
Introduction
Visible light communication (VLC) is a promising optical wireless communication (OWC) technology which is paving its way to reality very quickly [1] . VLC uses LED emitted light which fulfills the dual functionality of illuminance and data transmission. VLC has shown potential to be an integral part of upcoming 5G networks. The market is continuously pushing the limits of the network data rate and capacity; it is very difficult for the wireless communication industry to meet these demands. It is estimated that for 5G networks, there will be a 1000-fold increase in data traffic [2] . In order to meet these demands, 5G networks will have to rely on other more efficient technologies. It is highly likely that it will incorporate smaller cells (atto-cells), additional spectrum, energy efficient communication, and heterogeneous networks (HetNet) integration [3] .
When compared to the traditional radio frequency (RF) wireless communication, VLC has many strong characteristics [4] such as the following:
Spectrum of visible light is free. Light that cannot penetrate solid objects makes it secure for indoor transmission. It can be deployed wherever LEDs are installed [5] . The signal-to-noise ratio (SNR) is usually high because of high illumination requirements.
The fact that VLC can provide high bandwidth density can help in solving the demand of high bandwidth problem faced by upcoming RF-based networks. VLC can resolve supply and demand issue in 5G networks. Considering the positive traits of VLC at its present state can be best suited as a supplemental technology to assist HetNets in 5G networks. These main features of VLC make it a promising supplementary technology for 5G systems; however, it comes with various new challenges which open new research topics [6, 7] .
Recently, optical orthogonal frequency division multiplexing (OFDM) systems have gained a lot of popularity due to high bandwidth, power efficiency, flexibility, and use of license-free spectrum [8] . The optical OFDM works on the technique of intensity modulation and direct detection (IM/DD) [9] . There are many proposed methods utilizing the optical OFDM in VLC systems [10] [11] [12] [13] [14] [15] . In [11] , Armstrong and Lowery have proposed asymmetrically clipped optical OFDM (ACO-OFDM) which is a very efficient technique to be used with VLC system. Instead of sending all subcarriers, ACO-OFDM sends only odd subcarriers. ACO-OFDM has been shown to be more efficient in terms of optical power than the systems that use DC-biasing as it utilizes a large dynamic range of the LED. The ACO-OFDM technique performs well under interferences caused by inter-symbol interference (ISI) and inter-carrier interference (ICI). It requires less optical power for a given data rate than other variants of optical OFDM if the constellation size is lower than 1024-QAM. In addition, ACO-OFDM is a good candidate for dimming systems because of its better performance at low-SNR regime. Due to these features, ACO-OFDM is used in this paper.
In VLC systems, due to interference from ambient light sources, estimating the channel for correct signal recovery is of utmost importance. Among studies on ACO-OFDM VLC systems, there have been proposals for channel estimation, which is an important part of wireless communication systems. In [12] , authors have proposed a technique to find channel state information (CSI) in the ACO-OFDM communication system for better channel estimation. A study has proposed a least square (LS)-based channel estimator to achieve highly accurate result in ACO-OFDM VLC systems [13] . Another study proposed the use of minimum mean square error (MMSE) and least minimum mean square error (LMMSE) based methods to improve the channel estimation of ACO-OFDM VLC systems [14, 15] . There is an alternate approach for channel estimation, which utilizes the technique of compressed sensing (CS). The CS-based technique exploits the signal sparsity and incoherency to achieve best results [16] [17] [18] [19] [20] . It relies on finding sparse solutions to underdetermined linear systems and can estimate signals from fewer samples rather than using the Nyquist sampling rate [21] . The positive aspect of using CS technology is to have more accurate, fast ,and reliable channel estimation techniques, which are inexpensive and have low complexity.
Related work
The CS algorithms, which recover a sparse signal, are generally divided into two branches: linear programming (LP) and dynamic programming (DP). This paper focuses on the DP algorithm because most of the LP algorithms tend to have high computational complexity. Due to the high complexity of LP algorithms, they do not perform well in real large-scale applications. The orthogonal matching pursuit (OMP) algorithm [22] is by far the most popular algorithm in DP category [23, 24] . The major drawback in DP algorithms is that they rely on the knowledge of channel sparsity beforehand, which is not always possible in real practical applications. To counter the problem of channel sparsity information, sparsity adaptive matching pursuit (SAMP) was proposed in [25] . The SAMP algorithm uses an iterative method to estimate the signal sparsity, with a fixed step size to be used in each stage. This was an improvement over OMP algorithm, which usually requires the level of sparsity as a priori information to estimate the original signal. The research in [25] showed that SAMP outperforms OMP and its variants, but its drawback is that the MSE performance and complexity are directly related to the initial step size. Since mobile devices equipped with VLC modules have limited resources, the high computational complexity is a huge disadvantage.
There is no such literature that has worked on CS-based channel estimation in ACO-OFDM VLC systems. To the best of our knowledge, one article claims to improve the channel bandwidth of simple OFDM VLC system using CS [26] . The authors propose a new technique that can compensate the lack of channel bandwidth in an optical-OFDM link by using compressive sensing. The positive aspect of using CS technology is to have more accurate, fast, and reliable channel estimation techniques that are inexpensive and have low complexity.
To summarize the current trend of research, most of the CS-based techniques are devised for RF-based channel estimation. CS is very new in VLC domain, and there are very few literatures available which makes it a very open field for research.
Contribution
In this paper, a new self-aware step size SAMP (SS-SAMP) CS-based channel estimation algorithm is proposed for ACO-OFDM VLC system. The main contribution of our work is as follows:
SS-SAMP can adaptively adjust the step size. Due to the adaptive adjustment of step size, convergence is faster. SS-SAMP does not require a priori knowledge of sparsity as in the case of other mentioned algorithms.
The paper is organized as follows: Section 2 describes the system model used in the paper; Section 3 presents the proposed CS-based channel estimation techniques; Section 4 discusses the effect of various VLC key parameter impact; Section 5 presents simulation for the performance comparison with existing CS-based channel estimation algorithms; finally, Section 6 concludes the paper.
System model
The block diagram of ACO-OFDM system is shown in Fig. 1 . The system has three main parts: transmitter, channel, and receiver. The transmitter is made up of OFDM modulator and optical modulator. The channel is assumed as a generic optical wireless channel. The receiver again is divided into two main parts: the optical demodulator and OFDM demodulator.
The main requirement of a VLC system to work is to have real and positive values from the optical modulator. This property usually employs the presence of IM/DD technique. ACO-OFDM also works on the IM/DD technique and thus is simple to implement. The main problem here lies with the OFDM signal. Since they are complex and bipolar, simple OFDM system cannot be used with VLC system. It is necessary to make it unipolar and real. The ACO-OFDM modulator inherently does this work.
To ensure that the output of ACO-OFDM is real and unipolar, the following procedure is followed [14] . There are N sub-carriers out of which only odd ones will be used to send data. At the transmitter, the source bits are first modulated using Gray-coded M-ary quadrature amplitude modulation (QAM) mapping block. This will produce a complex bit stream. Then to maintain real OFDM symbols in time domain, the encoded data is passed through the Hermitian symmetry block. The data is then passed on to inverse fast Fourier transform (IFFT) block and clipping block so that the data is on odd subcarriers and positive.
Cyclic prefix (CP) is later added to avoid ISI. The addition of CP has a negligible impact on the SNR and spectral efficiency of the VLC system. To reduce the peak-toaverage power ratio (PAPR), clipping is performed to combat two types of distortions: firstly the out-of-band distortion which is reduced by applying filtering and secondly the in-band distortion which is reduced by adding the CP. It is to be noted that in ACO-OFDM signal, only odd sub-carriers are sent [14] . The signal is converted from analog to digital using an analog-todigital converter (ADC) and later, using optical intensity modulation (IM), the data is sent over the optical wireless channel.
There are two more types of interference noises, the narrowband interference (NBI) and impulse interference, which have to be taken into consideration. To solve these interferences, there are two methods that are commonly used in ultra-wideband communication systems. One method is based on frequency domain and the other is based on time-domain schemes [27] . While keeping strictly within the scope of this paper, the frequency domain will be discussed. For frequency-domain schemes, OFDM is used to combat these interference noises. One of the most prominent methods is the frequency threshold excision (FTE), in which the excess interference is clipped from the signal. The advantage of using ACO-OFDM is the intrinsic immunity to interferences like NBI. It is shown in [11] that the interference component lies in the even sub-carriers while the odd sub-carrier's components are affected by the multiplication of a constant 0.5. ACO-OFDM also mitigates these interferences by clipping the signal before transmission. This helps in containing the signal within the time frame hence minimize the interference. To further reduce the effects of these interferences, a narrowband optical filter can be used at the receiver [28] [29] [30] [31] [32] . CS has many applications, one of these applications is of channel estimation, which is discussed in this paper. One of the other applications of CS is the noise cancellation in which the sparsity is used to mitigate the effect of interference noises including NBI and impulse noise. This discussion is out of the scope of this paper, since the scheme used in this paper strictly deals with the channel estimation. The intrinsic immunity of ACO-OFDM towards the interference noise tries to minimize the effect of these interferences.
At the receiver's end, using direct detection (DD), the signal is received using photodiode (PD). This will convert the signal to digital electrical domain. The received signal is first recovered using different CS channel estimation techniques. The estimated signal is then passed to the ACO-OFDM demodulator block. After demodulation, the signal goes through the demapping block and original data stream is recovered.
The received signal at the receiver in time domain is represented as follows:
In VLC, the channel h can be line-of-sight (LOS) and non-line-of-sight (NLOS). The main property of h is that it is always real and positive. The received signal in frequency domain can be expressed as
where X aco is the ACO-OFDM signal, H is the OWC channel response, and N is the noise. In this case, to make things simple additive white Gaussian noise (AWGN) is assumed. In optical channels, the quality of transmission is typically dominated by shot noise [33] . The desired signals contain a time-varying shot-noise process which has an average rate of 10 4 to 10 5 photons/ bit. Since in an office/home environment, there is ambient light striking the detector which leads to a steady shot noise having a rate of the order of 10 7 to 10 8 photons/bit, even if the receiver employs a narrowband optical filter. Therefore, in optical channels the ambient shot noise is modeled as a Gaussian process [34] , hence AWGN channel is assumed. This is further discussed in detail in Section 4.1. Since VLC is considered to be an ultra-wideband (UWB) communication system [35] , where the multipath components of the signal arrive at time intervals that are larger than the inverse of the bandwidth of the considered channel. The sparsity depends on two aspects: the considered bandwidth (the larger the bandwidth the more likely the channel is sparse) and the considered environment. Since VLC has a large bandwidth, the channel vector can be well approximated as a sparse signal [36] [37] [38] [39] [40] . Even if the desired channel vector is not sparse, the CS theory allows one to choose proper basis to express the signal as a linear combination of basis. Perfect synchronization between the transmitter and receiver is assumed.
Considering the two types of optical channel (i) LOS and (ii) NLOS, the expression of both types of channel can be found from Eqs. (3) and (4) . The total diffused channel response can be computed by Eq. (6) .
where A r is the photodetector area, m 1 is the Lambert's mode number expressing directivity of the source beam, T s (ψ) is the receiver with optical bandpass filter, g(ψ) is the concentrator gain, ψ is the radiation incident angle, ϕ is the angle with respect to transmitter, d is the distance of the transmitter, ΔA is the area of reflecting elements, k is the total number of reflector elements in the room, ρ j is the reflection coefficient of j, and H k−1 ð Þ nlos is the impulse response of order k − 1 between the reflector and receiver.
CS-based channel estimation method
In this section, the different channel estimation algorithms are discussed and the proposed scheme is given.
Least square channel estimation
The LS channel estimation is the simplest one. The only catch with this estimation is that the optimal solution is only achieved when there is no noise and interference is considered in the received signal. The mean square error (MSE) is high, hence accuracy is limited. Thus, concluding the LS estimation technique is not the best solution for this CS-based channel estimation.
OMP channel estimation algorithm
One of the earliest greedy iterative algorithm is orthogonal matching pursuits (OMP). It is one of the main stepping stones on which the other greedy algorithm is based on. The basic working of an OMP algorithm revolves under the conditions of a given iteration number. Since it is an iterative process, it is required to stop after certain iterations. To make accurate estimation of the original signal, OMP requires a lot of measurement data. One of the drawbacks of the OMP is that, as it requires a large number of measurement data to estimate the signal, any increase in the degree of sparse or the number of samples would increase the time it takes to obtain the results. The basic working of OMP algorithm is shown in Algorithm 1.
SAMP channel estimation algorithm
The OMP algorithm is not adaptive. A pre-estimate of the sparse degree of the signal should be known and also the estimation accuracy is not so good. In an actual scenario, the sparse degree is not known; hence, to make things easier and less complex the adaptive algorithm like sparsity adaptive matching pursuit (SAMP) was proposed in [24] . With this adaptive algorithm, the signal estimation does not require any information of signal sparse degree beforehand. The working of SAMP requires to choose a step size s, which should satisfy s ≤ K. The trade-off of choosing the step size is that if it is too small the algorithm will take long time to converge. Hence the choice of the step size is very important in this algorithm. The SAMP algorithm has a high computational complexity and more computational time than OMP algorithm. The basic working of SAMP algorithm is shown in Algorithm 2.
SS-SAMP channel estimation algorithm
The choice of step size is the main parameter which defines the performance of the proposed self-aware step size sparsity matching pursuit (SAMP) algorithm. If the chosen step size is small, SAMP algorithm leads to better estimation accuracy but increases the computational complexity. On the other hand, if the step size is large, the computational complexity decreases but at the cost of low estimation accuracy. By making the algorithm self-aware with respect to step size, a better trade-off can be maintained between the estimation accuracy and computational complexity. The self-aware step size in this particular case depends on the current state of signal estimation from the original signal. The current state of estimation can be the current estimated signal energy or the estimated sparsity of the current signal. Since the estimation of sparse elements is done with large values at the initial stages of the algorithm, the values are reduced as the later stages come. This means that the energy tends to stabilize as the estimated sparsity is close to true sparsity K. Utilizing this property of sparse signals, the proposed SS-SAMP algorithm starts by choosing step size which is large and, as the algorithm progresses, the energy of the signal decreases at a certain rate which defines by how much the step size will be reduced.
To specify the fine-tuning process, an additional threshold γ is specified. The proposed algorithm is shown in Algorithm 3. The algorithm is stagewise with a variable size of the final support set F k in different stages. During each stage, F k adapts to two correlation test. These tests are the candidate test and final test, which searched a certain number of coordinates corresponding to the largest correlation values between the signal residual and the columns of the measurement matrix. In the next stage the algorithm runs until the recovered signal is found which has the least residual. The SS-SAMP uses two threshold values for halting criterion. These two values are tolerance ε and γ. The SS-SAMP algorithm comes to a halt when the residual's norm is smaller than ε. On the other side, the values of the step size are decreased as the difference in energy of the estimated signal and original signal falls below γ.
Discussion on different VLC characteristics
In this section, different VLC characteristics are discussed such as LED nonlinearity, shot noise, and PAPR calculation. The effects of the proposed scheme on these parameters are discussed, and the results are shown in Section 5.
LED nonlinearity, shot noise, and thermal noise
Since this paper utilizes ACO-OFDM as the modulation scheme, one drawback is that the signal is limited due to the constraints imposed by the dynamic range of the LED. Due to the central limit theorem, the time domain signal x(k), depicts a Gaussian distribution for IFFT sizes larger than N = 64 [41] . Therefore, according to [42] , the average electrical symbol power is
where σ 2 x t ð Þ is the variance of the signal. Due to the directly proportional relationship between the radiated optical power and the forward current of the LED, the signal and constraints are described in terms of optical power. There are two main points on concern in the dynamic range imposed by the LED. One is the minimum optical power point, termed as P Tx;min , and the other point is the maximum optical power point, termed as P Tx;max . The point at which the optical power bias is indicated is termed as P Tx;bias . The signal is clipped at the top level, to ensure the maximum power driving limit of the LED. The clipping at the top level can be expressed as top ¼ P Tx;max − P Tx;min . If the LED is insufficiently forward biased, then it should be clipped at the bottom level, bottom ¼ P Tx;min − P Tx;bias , this condition will only hold true if P Tx;bias < P Tx;min . The signal after the conversion is then transmitted over the optical wireless channel h.
Since it is already mentioned that the optical power is directly proportional to the forward current in the LED, the relationship of the two variables is given below. In order to characterize the nonlinear distortion caused by the LED, the Bussgang theorem [41] is applied. The theorem states that the nonlinear distortion can be modeled as an attenuation of the transmitted signal plus a distortion noise component, η clip (k). The system is evaluated on the basis of the ratio between the power of the undistorted part of the signal and the effective noise power, called effective SNR, which accounts for the contributions caused by the clipping, shot noise, and thermal noise. The ratio is given as:
where α is the responsivity of the PD detector and E[x(k)] is the undistorted part of the signal power corresponding to the transmitted optical power of least signal clipping. The attenuation factor, K, and the variance of the clipping noise σ 2 clip are derived from [42] . The noise variance of the white Gaussian noise σ 2 n k ð Þ is the sum of the shot noise and the thermal noise.
where q is the electronic charge, I bg is the background light current, B is the bandwidth, P r is the optical power received, T is the absolute temperature, R L is the load resistance, and k is the Boltzmann's constant. The analysis of the nonlinearity is done in Section 5.
PAPR
In this section the peak-to-average power ratio (PAPR) of the ACO-OFDM is discussed and the results will be analyzed in Section 5. The PAPR is defined as the maximum power of the transmitted signal divided by the average power. The PAPR is given as:
Since in OFDM, there is a large number of sub-carriers, the system has a large dynamic signal range and exhibit a very high PAPR. Later when this OFDM signal is passed through the nonlinear LED, the signal degrades further and that effects the overall BER performance. PAPR is usually presented in the form of CCDF. In this, we find the probability that PAPR value is higher than a certain PAPR value PAPR 0 , i.e., P r (PAPR > PAPR 0 ). The simulation results are analyzed in Section 5.
Performance evaluation
In this section, the performance of different channel estimation techniques is simulated and later the proposed scheme performance is analyzed on the basis of the key VLC parameters. The comparison of LS, OMP, SAMP, and proposed SS-SAMP are shown in two parameters, BER and MSE, since the main parameter that defines the accuracy of estimation signals is based on the step size. To simulate, three different step sizes are chosen: small, medium, and large step size. The MSE and BER are used to measure the channel estimation accuracy and the system performance, respectively. To measure the computational complexity, CPU running time was computed. Simulations were performed in MATLAB R2015a using the i5 CPU with 4 GB of memory. The results were averaged using 1000 Monte-Carlo trials. Later, the proposed scheme is analyzed on how it will tackle the LED nonlinearity, shot noise, and thermal noise. Also, the channel response and the modulation constellation are analyzed to give a clear picture on how the proposed scheme will perform in an indoor VLC environment.
A simple VLC system model is implemented with ACO-OFDM. Simulation parameters are shown in Table 1 . The optical wireless channel model used in this simulation is based on the work proposed by [43] . The calculation of ACO-OFDM BER with a M-QAM constellation is given as:
The calculation of MSE is done using the following Eq. (14):
To evaluate the performance, BER was computed for all mentioned algorithms. Figure 2 shows that CSbased channel estimators perform better than the conventional LS-based estimator. It can be seen that the SS-SAMP performs better than SAMP. To further investigate the performance, the MSE is shown in Fig. 3 . Again, the same trend can be seen as LS-based channel estimation algorithm performs poor with respect to the CS-based channel estimation algorithms. Since the step size is chosen according to the current status of the estimation signal, SS-SAMP outperforms SAMP and OMP.
To further investigate the performance of SAMP and SS-SAMP with respect to the step size, Fig. 4 shows the Table 1 performance of the two algorithms with three different initial step sizes. Earlier in Section 2, it was mentioned that the step size was chosen based on small, medium, and large values. These values are one for small, six for medium, and eight for large. Both algorithms are compared using these three step sizes, and Fig. 4 summarizes the results obtained. It can be seen that if small step size is chosen, the performance of both algorithms are the same. This is because, under this condition, both algorithms perform in the same way. But if we increase the step size to medium or large, SS-SAMP outperforms SAMP.
To conclude the performance analysis of the proposed SS-SAMP algorithm, running time of each CS-based channel estimation algorithm mentioned in this paper was computed to depict the computational complexity. All the algorithms were run on the same system with the same environment. Figure 5 shows the running time of these algorithms. From the results, it can be seen that OMP takes most of the time to run while SAMP, and SS-SAMP all give a respectable running time. It can be seen that as the SNR increases, both SAMP and SS-SAMP performances are comparable with a difference of approximately 0.002 s. Looking at all the results obtained, it can be said that the proposed SS-SAMP can be used in a mobile computational limited environment with the computational complexity of slightly higher than SAMP.
As from the previous results, it can be seen that the proposed SS-SAMP is a good candidate for a mobile computational limited environment. It is also required to analyze the performance under different VLC system key parameters. Earlier in Section 4, the key parameters of VLC system were discussed and now the performance analysis is given. To start with the analysis, the key simulation parameters are the same as mentioned in Table 1 . The first sets of parameter that will be analyzed are the LED nonlinearity and the effect of the shot noise and thermal noise on the VLC system. To investigate the output characteristics of a practical LED, an LED transfer function is modeled through a polynomial using the leastsquare curve fitting technique. An OPTEK white LED is considered in this simulation. For this type of LED, the forward current varies from 100 mA to 1 A and the output optical power lies between 90 mW to 400 mW. Since according to the European lighting standard [44] , the illuminance for home/office environments is 400 lx. To check the LED nonlinearity, Fig. 6 shows the achievable brightness in percentage of a function of transmitted optical power of the given LED light. For this analysis, it is assumed that the dimming level is 0% and, to achieve the European lighting standard, the LED should operate at a minimum 35% brightness level. To operate at this level, Fig. 6 depicts the recommended bias point of operation that is (350 mA/180 mW). The performance of the system is assessed in terms of average SNR at the receiver. The SNR values obtained were simulated against the transmitted optical power of both ideal and practical LED. Figure 7 shows the SNR of a practical LED operated at different biasing values, while Fig. 8 shows the performance of an ideal LED under the same biasing values. It is assumed that the modulation bandwidth is of 20 MHz. On observation, it can be seen that the system performance improves as the optical power is increased. At the recommended biasing point, the system shows the best performance. If the optical power is increased beyond this point the system performance starts to deteriorate. This is due to the nonlinearity distortion induced by the dynamic range of the LED. At this point, the signal clipping is more highlighted and the clipping noise becomes significant. One major point to note is that by setting the proper biasing point, the best SNR can be achieved for the VLC system. As an example, if the system wants to operate at 35% brightness to maintain 400 lx, the best SNR value is 44 dB which is achieved if the biasing power is set to 120 mW and the optical signal power is 60 mW. For the same brightness but at a lower SNR of 38 dB, the biasing power should be 150 mW and the optical power at 30 mW. Multiple configuration can be obtained depending on what SNR is required for the VLC system to operate efficiently. One thing to note is that whatever the biasing power and optical power is selected, the resulted optical transmitted power will always be 180 mW in this specific case. Since this simulation only deals with the minimum illumination requirements, other possible operating range can be determined by the method and relevant SNR can be computed. The channel response of the diffused environment which includes both LOS and NLOS signals can be seen in Fig. 9 . The channel gain is given in Eq. (6) , and the optical wireless channel model is already mentioned at the start of this section. From the figure, it can be clearly seen that the main LOS component and the additional reflected NLOS components and their relevant reflection count. The next variable to investigate is the PAPR of the proposed VLC system. The PAPR calculation again follow the same simulation parameters with the results averaging of 1000 Monte-Carlo simulations. The carrier size N is changed from N = 64 to N = 256, and the comparison is made based on the performance. Also, PAPR of a simple ACO-OFDM VLC system is compared with the proposed CS ACO-OFDM VLC system. There is a slight improvement of using the CS-based methods because CS exploits the sparsity of the signal. Since in ACO-OFDM, only odd sub-carriers are sent and then applying CS techniques, the data size is further reduced and that can help improve the PAPR of the system. Figure 10 shows the CCDF of the PAPR for both normal ACO-OFDM VLC and CS-based ACO-OFDM VLC. It can be seen that the PAPR is slightly improved but as the number of sub-carriers are increased from 64 to 256 the PAPR is increased.
Since ACO-OFDM performs better with lower modulation levels and less sub-carriers, it is safe to use CSbased techniques for limited computational mobile based application.
The constellation diagrams of a simple ACO-OFDM and proposed CS-based ACO-OFDM system are analyzed next. Figure 11 shows the constellation diagram of both implementation side by side. Figure 11a shows the constellation diagram of a 64-QAM ACO-OFDM while Fig. 11b shows the constellation diagram of a 64-QAM CS-based ACO-OFDM. The constellation diagram of Fig. 11a is fuzzy as it is degraded by the effect of channel, and the BER performance is degraded as there is interference among different constellation points. As CS-based channel estimation techniques are used, the overall constellation is improved and every constellation point can be identified easily. This will also improve the BER performance of the VLC system. To conclude the analysis of VLC system key parameters, the last parameter to look into is of BER performance. Figure 12 shows the overall performance of both simple ACO-OFDM and proposed CS-based ACO-OFDM systems. It can be seen that the CS-based ACO-OFDM performs better. The important thing to mention here is the effect of the LED nonlinearity. If the biasing point is not chosen carefully, the system performance will degrade drastically. Figure 12 is based on the values chosen in the previous mentioned analysis. 8 
Conclusions
In this paper, a new modified CS-based channel estimation algorithm SS-SAMP was proposed for the ACO-OFDM VLC system. The performance was evaluated in terms of BER, MSE, computational complexity, and key parameters of VLC system (nonlinearity, noise, channel response). The results show that CS-based techniques: OMP, SAMP, and SS-SAMP perform better than the traditional LS-based method. SS-SAMP stood out to be the best among the algorithms applied to the VLC-based system. The OMP algorithm requires the knowledge of sparsity beforehand. The SAMP algorithm is an improved adaptive version of OMP, but the computational cost is on the higher side due to the fact that the SAMP algorithm has to start with a random step size. It is shown through the performance analysis that SS-SAMP can improve the channel estimation accuracy without significantly increasing the computational complexity. It can be said that CS-technology-based algorithms can be used with the ACO-OFDM VLC system and can give accurate estimation of the original signal and still can manage to have an acceptable computation time.
